INTRODUCTION
In recent years it has become clear that the RNA interference (RNAi) pathway acts as a virtually ubiquitous tier of posttranscriptional gene regulation in a wide variety of eukaryotes, including animals [1, 2] . Critical elements of this pathway include a family of small single-stranded noncoding RNA molecules (;21-25 nucleotides) that are known as miRNA. The biogenesis of miRNAs originates from primary transcripts (pri-miRNA) that are sequentially processed in the nucleus by the RNase DROSHA, and within the cytoplasm by the endoribonuclease DICER. One strand of the resulting mature miRNA is preferentially loaded into an effector miRNA-induced silencing complex (miRISC), where it serves to guide the complex to target mRNA and facilitate the formation of a miRNA-mRNA duplex based on sequence complementarity. Once bound, the mRNA is usually targeted for increased degradation, and hence translational repression, via the catalytic activity of argonaute (AGO) proteins associated within the miRISC complex [1, 2] . With numbers of identified miRNAs now numbering in the thousands, they have been increasingly implicated in a broad range of developmental processes.
In terms of male reproduction, miRNAs and their associated processing machinery have been shown to play an essential role in regulating the differentiation of spermatozoa in the testes, with inactivation of genes such as dicer 1, ribonuclease type III (Dicer1) leading to a severe impact on the formation of mature germ cells [3] [4] [5] [6] [7] [8] . However, an emerging body of evidence indicates that this role may also extend to the regulation of the posttesticular maturation and storage of spermatozoa within the male reproductive tract (epididymis) [9] [10] [11] [12] . Indeed, a complex signature of several hundred miRNAs has been documented in the epididymis of species such as the mouse, human, rat, and bovine, and several of these are significantly enriched or uniquely expressed within this tissue [13] [14] [15] . In a majority of these global miRNA profiling studies, the authors have not distinguished between the precise contributions of the epididymal epithelium and those of the luminal contents. The latter comprises not only spermatozoa but also the highly specialized fluid environment responsible for promoting sperm maturation/storage. In our own systematic profiling of miRNAs present in whole epididymal tissue versus that of enriched populations of epithelial cells we have identified luminal spermatozoa and/or epididymal fluid as a major contributor to the overall epididymal miRNA signature [16] .
These findings accord with established evidence that, despite their transcriptionally inert state, spermatozoa harbor diverse RNA populations including mRNAs and numerous small noncoding RNA species, including miRNAs, piRNAs, tRNA/rRNA-derived small RNAs, and snoRNAs [17] [18] [19] [20] [21] [22] [23] [24] . These RNA species were originally thought to be remnants of untranslated mRNA stores generated during spermatogenesis and therefore to play a limited role in fertilization and early embryonic development. However, it is now apparent that paternal mRNAs and noncoding RNAs are delivered to the oocyte, along with the haploid genome, at the time of fertilization [25] and that the latter have the potential to modulate the stability and translational efficiency of maternal transcripts prior to activation of the zygotic genome [26] [27] [28] . Such findings are of significance because each of these contributions from the fertilizing spermatozoon represents a source of potential dysfunction. Indeed, aberrant embryo miRNA expression has been detected in human blastocysts derived from patients with male-factor infertility, suggestive of a contribution from subfertile sperm that adversely affected the phenotype of the resulting embryo [29] . Furthermore, different miRNA profiles have been identified in sperm samples exhibiting high levels of abnormal morphology and low motility compared to that of normal spermatozoa [17, [30] [31] [32] [33] [34] [35] [36] [37] . It has therefore been proposed that the complement of sperm-borne miRNAs could hold considerable diagnostic value as noninvasive molecular markers of male infertility.
Despite the implications of this work, it has yet to be established whether such perturbations to the sperm miRNA content arise during testicular development, or alternatively whether they are influenced by altered profiles of miRNAs being conveyed to spermatozoa during their prolonged residence within the epididymis. We have therefore sought to determine whether the miRNA species present in mature spermatozoa cells are solely the remnants of the spermatogenic process, or whether they instead contain contributions of exogenous miRNAs that may be actively delivered to the sperm during their passage through the epididymis.
MATERIALS AND METHODS

Reagents
Unless specified, chemical reagents were obtained from Sigma or Life Technologies and were of research grade. The following primary antibodies were purchased to characterize proteins of interest: rabbit polyclonal anti-DICER1 antibody (ab13502; Abcam), rabbit polyclonal anti-androgen receptor (SAB4501575; Sigma), rat monoclonal anti-argonaute RISC catalytic subunit 2 (AGO2) (SAB4200085; Sigma), goat polyclonal anti-Izumo sperm-egg fusion 1 (IZUMO1) (sc-79543; Santa Cruz Biotechnology), and rabbit polyclonal antikeratin 8 (ab59400; Abcam). Alexa Fluor 488-conjugated goat anti-rabbit (A11008), 594-conjugated goat anti-rat (A11007), and 594-conjugated goat anti-rabbit (A11012) antibodies were purchased from Life Technologies.
Ethics Statement
All experimental procedures were carried out with the approval of the University of Newcastle's Animal Care and Ethics Committee (ACEC) (approval number A-2013-322) in accordance with the specific guidelines and standards prescribed by the Society for the Study of Reproduction. Inbred Swiss mice were obtained from a breeding colony held at the institute's Central Animal House and maintained according to the recommendations prescribed by the ACEC. Mice were housed under a controlled lighting regime (16L:8D) at 21-228C and supplied with food and water ad libitum. Prior to dissection, animals were euthanized via CO 2 inhalation.
Epididymal Sperm Isolation and Characterization
Immediately after adult male mice (8 wk old) were euthanized, their vasculature was perfused with prewarmed PBS to minimize the possibility of blood contamination. The epididymides were then removed, separated from fat and overlying connective tissue, and carefully dissected into three anatomical regions corresponding to the caput, corpus, and cauda. Caudal spermatozoa were collected from the lumen via retrograde perfusion with water-saturated paraffin oil as previously described [38] . In contrast, caput and corpus spermatozoa were recovered by placing the tissue in a 500-ll droplet of modified Biggers, Whitten, and Whittingham media (BWW; [39] ) composed of 91.5 mM NaCl, 4.6 mM KCl, 1.7 mM CaCl 2 Á2H 2 O, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 Á7H 2 O, 25 mM NaHCO 3 , 5.6 mM D-glucose, 0.27 mM sodium pyruvate, 44 mM sodium lactate, 5 U/ml penicillin, 5 lg/ml streptomycin, 20 mM Hepes buffer, and 3 mg/ml bovine serum albumin [BSA]) (pH 7.4; osmolarity 300 mOsm/kg). After multiple incisions were made with a razor blade, the spermatozoa were gently washed into the medium with mild agitation. All sperm preparations were then subjected to centrifugation (400 3 g for 15 min) on a 27% Percoll density gradient. The pellet, consisting of an enriched population of .95% spermatozoa was resuspended in BWW and recentrifuged (400 3 g for 2 min) to remove excess Percoll. A portion of the cells were then labeled with Diff-Quik in accordance with the manufacturer's protocols (Lab Aids Pty. Ltd.) [40] . The purity of this preparation was confirmed by microscopy (counting a minimum of 200 cells/sample) and immunoblotting with sperm-and tissue-specific markers (see below) ( Fig. 1) . Upon confirmation of sperm cell enrichment, samples were pooled and then subjected to RNA extraction as described below.
Immunofluorescent Localization
Testicular germ cells were isolated as previously described [41] and, together with purified epididymal spermatozoa, were assessed for key components of the miRNA biogenesis machinery. Briefly, germ cells and spermatozoa were settled onto poly-L-lysine-coated coverslips overnight at 48C. All subsequent incubations were performed at 378C in a humidified chamber, and all antibody dilutions and washes were conducted in PBS containing 0.1% Tween-20 (PBST). Fixed cells were permeabilized in 0.2% Triton X-100/PBS for 10 min and blocked in 3% (w/v) BSA in PBST for 1 h. Slides were then sequentially labeled with anti-DICER and anti-AGO2 antibodies (diluted 1:150) overnight at 48C. After incubation, the slides were washed three times, then incubated in goat anti-rabbit 488 Alexa Fluor and goat anti-rat 594 Alexa Fluor (diluted 1:400) secondary antibodies for 1 h at 378C. Cells were then washed and counterstained in 4 0 ,6-diamidino-2-phenylindole (DAPI) before mounting in antifade reagent (Mowiol 4-88). Labeled cells were viewed on an Axio Imager A1 microscope (Carl Zeiss MicroImaging, Inc.) equipped with epifluorescent optics and images captured with an Olympus DP70 microscope camera (Olympus America).
FIG. 1.
Isolation and assessment of epididymal spermatozoa. The purity of sperm cell suspensions isolated from the caput, corpus, and cauda epididymis was assessed by immunoblotting with antibodies against tissue-(androgen receptor, 110 kDa; keratin 8, 54 kDa) and sperm-(IZUMO1, 60 kDa) specific markers. Anti-a-tubulin was included as a loading control. This analysis was repeated for each isolation and representative immunoblots are shown.
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RNA Extraction and miRNA Next-Generation Sequencing
Total RNA was extracted separately from purified populations of caput, corpus, and cauda epididymal spermatozoa (;25 3 10 6 sperm/sample) using a Direct-zol RNA MiniPrep Kit (Zymo Research Corporation) according to manufacturer's instructions before being incubated with 1% DNase (Promega) to eliminate genomic DNA contamination. This preparation of total RNA was pooled from a minimum of nine animals to generate a single biological replicate (comprising ;5 lg total RNA). One microgram from two such replicates was subjected to Illumina TruSeq small RNA sample preparation protocol as per the manufacturer's instructions (Illumina Inc.) at the Australian Genome Research Facility (AGRF; Brisbane, QLD, Australia). The libraries so generated were each analyzed in triplicate using an Illumina Hiseq-2000 RNA-seq platform as 50-bp single-end chemistry at AGRF. Briefly, the sequence reads from all samples were analyzed for quality control, screened for the presence of any contaminants, and trimmed based on their matches to PhiX, Adaptors, ChrM, or Mouse rRNA. Cleaned sequence reads were then aligned against two different databases: 1) Mus musculus genome (Build version mm10), and 2) miRNA database (miRBASE release20 at http://www.mirbase.org/). Alignment against the mature miRNA sequences for mouse miRNAs were summarized and counts were recorded for known miRNAs.
Differential miRNA expression analysis was undertaken using R script based on limma and voom libraries (http://www.bioconductor.org/packages/ release/bioc/vignettes/limma/inst/doc/usersguide.pdf). A count value of .10 was used as the cutoff for presence/absence and expression-profiling comparisons were performed for mature miRNAs in the spermatozoa of individual epididymal regions with a data filter set to !2-fold difference and false discovery rate (FDR) of 0.05. The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus [42] and are accessible through GEO Series accession numbers GSE70197 (epididymal epithelial miRNAs) and GSE70198 (epididymal sperm miRNAs) (http://www.ncbi.nlm. nih.gov/geo/query/acc.cgi?acc¼GSE70197; http://www.ncbi.nlm.nih.gov/geo/ query/acc.cgi?acc¼GSE70198).
Quantitative Real-Time PCR Confirmation of Selected miRNAs
Validation of miRNA expression profiles was conducted using a quantitative real-time PCR (qRT-PCR) strategy with Taqman miRNA assay reagents according to the manufacturer's instructions (Life Technologies). The miRNAs selected for analysis were let-7b-5p (assay ID 002619), miR-465a-5p (assay ID 001826), miR-470-5p (assay ID 002588), miR-34b-5p (assay ID 002617), miR-34c-5p (assay ID 000428), miR-196b-5p (assay ID 002215), miR-145-5p (assay ID 002278), miR-181b-5p (assay ID 001098) and miR-127-3p (assay ID 000452). Quantitative RT-PCR was performed on cDNA generated from 350 ng RNA using a Light Cycler 96 SW 1.1 (Roche). The U6 small nuclear RNA (assay ID 001973) was employed as an endogenous control to normalize the expression levels of target genes, and relative expression levels were calculated using the 2 ÀDCt method [43] .
In Silico Analysis of miRNAs and Target Prediction
The miRNAs displaying statistically significant patterns of differential expression were clustered (Cluster3, Stanford University) and examined using heatmaps (Java Treeview, Stanford University) to visualize trends and consistency in miRNA expression in caput, corpus, and caudal epididymal spermatozoa. To gain a better understanding of the function of the miRNAs present within cauda epididymal spermatozoa, their mRNA targets were analyzed with Ingenuity Pathway Analysis (IPA) software (version 8.8, Ingenuity Systems) using the Core Analysis. Similarly, we also interrogated IPA in order to identify the key affected pathways likely to be regulated by caudal sperm miRNAs using the miRNA filter and restricting our analysis to experimentally confirmed targets.
SDS-PAGE and Western Blotting
Proteins were extracted in a modified SDS-PAGE sample buffer (2% w/v SDS, 10% w/v sucrose in 0.1875 M Tris, pH 6.8) with protease inhibitor tablets by incubation at 1008C for 5 min. Insoluble matter was removed by centrifugation at 20 000 3 g for 10 min and protein estimations were performed using the DC Protein Assay kit (Bio-Rad). Proteins were boiled in SDS-PAGE sample buffer (2% v/v mercaptoethanol, 2% w/v SDS, and 10% w/v sucrose in 0.1875 M Tris, pH 6.8, with bromophenol blue) and resolved by SDS-PAGE on polyacrylamide gels followed by transfer onto nitrocellulose membranes. Membranes were blocked with 3% w/v BSA in Tris-buffered saline (TBS; pH 7.4) for 1 h before being probed with 1:1000 dilutions of primary antibody in TBS containing 1% w/v BSA and 0.1% v/v polyoxyethylenesorbitan monolaurate (Tween-20; TBS-T) for 2 h at room temperature. Blots were washed three times in TBS-T followed by incubation with 1:1000 horseradish peroxidase-conjugated secondary antibody in 1% w/v BSA/TBS-T for 1 h. Following three washes in TBS-T, proteins were detected using an enhanced chemiluminescence kit (Amersham) and visualized on ImageQuant LAS 4000 (Fujifilm).
Statistical Analysis
Statistical significance was determined using ANOVA, Tukey-Kramer HSD, and t-tests employing JMP software (version 9.0.0). P , 0.05 was considered significant. Experiments were performed in triplicate unless otherwise stated. Data are expressed as mean 6 SEM.
RESULTS
The miRNA Signature of Mouse Spermatozoa Is Substantially Modified During Epididymal Maturation
Prior to undertaking a detailed analysis of sperm miRNA signatures, we first examined the level of enrichment achieved during the isolation of these cells. As shown in Supplemental Figure S1 (all supplemental data available online at www. biolreprod.org), highly purified populations of spermatozoa were recovered from the caput, corpus, and cauda epididymidis, with an estimation of ,5% cellular contamination identified in each sample. This result was confirmed by immunoblotting of sperm lysates with established markers of epididymal epithelial cells, androgen receptor and keratin 8, neither of which were detected within this preparation (Fig. 1) . Conversely, the intrinsic sperm protein, IZUMO1, was highly enriched in the isolated sperm samples (Fig. 1) . Nextgeneration sequence analysis of these sperm preparations revealed that they harbor a complex array of some 262 mature miRNAs in the proximal segment (caput) of the epididymis ( Fig. 2A and Table 1 ). Of these miRNAs, the highest signal intensities were associated with miR-148a-3p, miR-10b-5p, miR-10a-5p, miR-22-3p, and let-7c-5p, whereas conversely other members of these families (e.g., miR-10a-3p, let-7f-1-3p) were present at very low levels, thus establishing an impressive dynamic range of miRNA abundance of .10 4 orders of magnitude. Interestingly, however, this miRNA signature is modified by an apparent loss and gain of a substantial number of miRNAs as the spermatozoa progress through the corpus and cauda epididymal regions, such that the relative levels of only 44 of the total pool of miRNAs did not change significantly between all subpopulations of sperm examined ( Fig. 2 and Table 1 ).
In the context of miRNA loss, this appeared to encompass the complete removal of 94 (;36%) of the caput sperm miRNAs such that they were below the level of detection in corpus spermatozoa ( Fig. 2A and Table 1 ). These changes were accompanied by a significant reduction in the relative levels of expression (fold change of ! 2; FDR ,0.05) of a further 7 (;3%) miRNAs ( Fig. 2B and Table 1 ). In contrast, of the 169 miRNAs remaining in corpus spermatozoa, 41 (24%) of these were apparently lost as the cells transitioned into the cauda ( Fig. 2A and Table 1 ), and almost half (81/169, 48%) experienced a significant reduction in their overall expression levels between these regions ( Fig. 2B and Table 1 ). Although such pronounced changes may, in part, reflect the shedding of miRNAs along with the cytoplasmic droplet, a potentially more interesting finding was the acquisition of a relatively large cohort of miRNAs into the maturing sperm cells.
Indeed, accompanying sperm transport from the caput to the corpus, we observed a significant increase in the expression of 29 (17%) of the endogenous sperm miRNAs ( Fig. 2B and miRNA SIGNATURE OF MOUSE SPERMATOZOA Table 1 ), in addition to the detection of a single novel miRNA within these cells ( Fig. 2A and Table 1 ). By comparison, a total of 111 miRNAs, representing an impressive 59% of all caudal sperm miRNAs, experienced a significant increase in expression beyond the levels at which they were detected in corpus spermatozoa ( Fig. 2B and Table 1 ). Between the same regions, 61 (32%) miRNAs were apparently acquired by the maturing spermatozoa, including the unexpected finding of 29 miRNAs that were originally detected in caput cells before being lost in those of the corpus ( Fig. 2A and Table 1 ). At present we do not have a biological explanation for this intriguing observation.
Quantitative analysis of differentially expressed miRNAs revealed that many underwent substantial fold changes between the caput/corpus (Fig. 3A) and corpus/cauda epididymis (Fig. 3B ). As anticipated, even more pronounced changes were apparent in comparisons of sperm from the caput and caudal segments of the organ (Fig. 3C ). Among the numerous examples of these, miRNAs such as miR-471-5p, miR-743a-5p, miR-871-5p, miR-880-3p, miR-465a-3p, and miR-470-5p were characterized by increases in expression of .256-fold between the caput and caudal regions. Conversely, miRNAs miR-181b-5p, miR127-3p, miR-150-5p, and let-7e-5p were downregulated by .32-fold over the same regions (Fig. 3C) . Importantly, we recorded consistent results across each biological replicate in terms of both the overall number of miRNA reads (Table 1 ) and the relative fold change between regions (Fig. 4) that were detected by next-generation sequencing.
Validation of Differentially Expressed miRNAs
Given the novelty of our next-generation sequence data, nine differentially expressed miRNAs were selected for targeted validation via quantitative RT-PCR (qRT-PCR). These candidate miRNAs included representatives that exhibited gradients in expression ranging from highest expression in the caput (let-7b-5p, miR-145-5p, miR-181b-5p, and miR-127-3p) to highest expression in the cauda (miR-465a-5p, miRmiR-470-5p, miR-34b-5p, and miR-34c-5p) epididymis. All qRT-PCR experiments were performed in triplicate using three distinct pools of biological samples (n ¼ 9 animals/sample) differing from those employed for next-generation sequence analyses. In each experiment, the U6 small nuclear RNA was employed as an endogenous control to normalize the expression levels of target miRNAs. This analysis confirmed the differential expression of each of the nine target miRNAs within epididymal spermatozoa (Fig. 5) . Furthermore, each of these targets was shown to have an expression profile that closely mirrored the trends identified by next-generation sequence analysis (Fig. 5) . In this context, qRT-PCR confirmed the peak of miR-196b-5p expression occurred within corpus spermatozoa, which contained significantly higher levels of this miRNA than either caput or caudal cells. In contrast, miR465a-5p, miR-470-5p, miR-34b-5p, and miR-34c-5p each experienced a significant increase in expression in caudal spermatozoa compared to that of cells sampled from more proximal regions. Finally, let-7b-5p, miR-145-5p, miR-181b-5p, and miR-127-3p were each confirmed as being predominantly expressed in caput/corpus spermatozoa. Such findings attest to the accuracy of our data in reflecting the spatial patterns of mouse epididymal sperm miRNA signatures.
miRNAs Acquired by Spermatozoa Are Represented in Epididymal Epithelial Tissue
Having confirmed significant changes in the overall profile and relative levels of miRNAs present within maturing epididymal spermatozoa, we next sought to determine whether these changes may be attributed to miRNAs that are produced in the surrounding epithelial cells before being delivered to the luminal environment. For this purpose we compared the miRNA signature of epididymal spermatozoa with that of the surrounding epithelial cells determined in a previous study [16] (accession number GSE70197; Table 2 ). This analysis NIXON ET AL. confirmed that a majority of the miRNAs (213) we identified were common to both spermatozoa and epididymal epithelial cells. One key difference was that spermatozoa sampled from the proximal epididymis (caput) contained a substantial number of miRNAs (52) that were not represented in epithelial cells and were thus likely to have been incorporated into the cells prior to their entry into the epididymal lumen. A more surprising finding was that at least 30 of the miRNAs that were identified exclusively within populations of cauda spermatozoa were completely absent (or present at levels below that of the threshold set for positive identification) in epithelial cells from any of the epididymal segments examined. In a majority of cases, these miRNAs were present at only modest levels within the caudal spermatozoa. However, this subset also included miRNAs that were detected at relatively high levels within spermatozoa, including miR-34c-3p, miR-880-3p, miR-883a-3p, and several members of the miR-465 family (miR-465b-3p, miR-465b-5p, and miR-465c-3p). The deep sequencing strategy employed in the present study revealed that, in addition to an impressive cohort of mature miRNAs, epididymal spermatozoa also possessed several precursor miRNA species. Although these precursor miRNAs did not form a focus of the current study and we therefore did not pursue their complete characterization, we nevertheless noted that approximately half of these experienced a gradient of increasing expression as the sperm were conveyed distally through the epididymis (Supplemental Fig. S2) . Similarly, mature miRNAs derived from this subset of precursors also appeared to mirror this trend of increasing expression (Supplemental Fig. S2 ). Although we cannot be certain such increases are attributed to the processing of the precursor miRNAs, we nevertheless began to investigate this prospect using immunocytochemistry to determine if essential elements of the miRNA processing machinery, namely DICER1 and AGO2, are present in isolated populations of testicular germ cells and epididymal spermatozoa. This analysis revealed intense DICER1 and AGO2 labeling in the peri-nuclear domain of spermatogonial stem cells (Spg), meiotic pachytene spermatocytes (PS), and postmeiotic round spermatids (RS) (Fig. 6) . Furthermore, both of these proteins were retained in testicular spermatozoa, indicating that the cells are endowed with miRNA processing machinery as they leave the testicular environment. Interestingly, however, in these sperm cells, and those of their more mature counterparts sampled from the epididymis, DICER1 was not detected in the nuclear domain, being distributed instead in the anterior region of the sperm head and throughout the mid and principal pieces of the sperm flagellum (Fig. 6 ). AGO2 strongly colocalized with DICER1 within these domains, but an additional pool of the protein remained in the peri-nuclear domain (Fig. 6) . It remains to be determined whether such enzymes are functional within the confines of maturing spermatozoa, a cell type that possesses minimal cytoplasm. We next performed an in silico analysis of miRNA targets and their associated signaling pathways in order to gain insight into the functional role of sperm-borne miRNAs. For this analysis, we focused on the repertoire of miRNAs carried by caudal spermatozoa, as these are destined to be conveyed to the female reproductive tract and eventually the oocyte at the time of fertilization. Interrogation of IPA software using strict, experimentally validated filters revealed that caudal sperm miRNAs targeted genes that appeared to be involved in a range of biological processes, with over half (54%) mapping to the broad categories of regulating cellular development, cellular growth and proliferation, and cellular function and maintenance (Supplemental Fig. S3 ). Furthermore, within these categories we identified signaling cascades such as the transforming growth factor beta 1 (TGFB1) (Supplemental Fig. S4 ) and nuclear factor of kappa light polypeptide gene enhancer in B cells 1, p105 (NFKB1) (Supplemental Fig. S5 ) pathways as key targets of a multitude of the sperm-borne miRNAs. Indeed, at least 32 genes implicated in TGFB1 signaling cascades have been experimentally confirmed as targets for 28 of the caudal sperm miRNAs (Supplemental Fig.  S4 ). Similarly, a further 28 of the caudal sperm miRNAs target 49 elements of NFKB1 (Supplemental Fig. S5 ). Such findings are of considerable significance in view of the welldocumented role these pathways play in the immunological response of the female reproductive tract that is elicited upon introduction of seminal fluid and in embryonic development.
DISCUSSION
Our study reveals two key observations concerning mammalian sperm maturation. First, through the application of next-generation sequencing, we show that epididymal sperm harbor a complex repertoire of miRNAs. Second, this miRNA signature is modified as the cells descend through the FIG. 5. The qRT-PCR validation of differentially expressed miRNAs within mouse epididymal spermatozoa. In order to verify the next-generation sequence data, nine miRNAs that displayed significantly different levels of expression were selected for targeted validation using qRT-PCR, including representatives with highest expression in spermatozoa from the proximal (caput: let-7b-5p, miR-145-5p, miR-181b-5p, and miR-127-3p; corpus: miR196b-5p) and distal (cauda: miR-465a-5p, miR-470-5p, miR-34b-5p, and miR34c-5p) epididymis. The qRT-PCR experiments were performed in triplicate using three distinct pools of biological samples (n ¼ 9 animals/sample) differing from those employed for next-generation sequence analyses. The U6 small nuclear RNA was employed as an endogenous control to normalize the expression levels of target miRNAs. Data are presented as mean 6 SEM. *P , 0.05, **P , 0.01, ***P , 0.001. epididymis. The extent of these changes rivals that of the more well-studied proteomic changes that have until now dominated our view of sperm maturation. Indeed, we found that such modification includes the apparent acquisition, late in maturation, of a cohort of novel miRNA species in addition to a significant increase in a substantial number of miRNA originally expressed in immature sperm. Because the balance of evidence indicates that sperm are transcriptionally quiescent cells that are incapable of gene transcription and hence the de novo miRNA biogenesis, this work provides the first evidence to support a novel contribution of the epididymal environment to the cellular acquisition of miRNAs. Numerous studies have recently begun to document the presence of small noncoding RNAs in the epididymis with a majority focusing on the spatial and temporal expression profiles present in the whole organ. Such studies have revealed a rich and complex miRNA landscape that, in turn, has been implicated in regulating the androgen-dependent development and homeostasis of the organ [15, 44, 45] ; indirectly contributing to the secretory and absorptive activities of the epithelium, and hence sperm maturation/storage, via the control of segmental patterns of gene expression [13, 46] ; and contributing to reproductive pathologies such as age-dependent decline in male fertility [15] . However, through direct comparisons of epididymal somatic cells and whole epididymal tissue, our own work has identified luminal spermatozoa and/or the varied constituents of epididymal fluid as a major contributor to the overall epididymal miRNA signature [16] . Although this accords with the findings of the present study, we have yet to establish the mechanism(s) underpinning the apparent loss and gain of miRNAs. With regard to the loss of miRNAs, it is possible that at least a portion of these are packaged within the cytoplasmic droplet, a remnant of the extensive cytodifferentiation that occurs during spermiogenesis, that is progressively shed from the maturing spermatozoa [47] .
In the context of miRNA acquisition, the pioneering studies of Sullivan and colleagues have established that this may involve bulk delivery via small exosome-like entities known as epididymosomes [48, 49] . Indeed, epididymosomes released from epididymal epithelial cells have been shown to carry a complex cargo of miRNAs that are available for transfer to the maturing sperm cell [50] . Furthermore, despite the limitations imposed by cross-species comparison and the application of alternative miRNA sequencing strategies, we have confirmed that 48/92 (52%) of the miRNAs that increased in expression between mouse caput and cauda spermatozoa have been detected in bovine epididymosomes (Supplemental Table S1 ). This model of transfer shares analogy with several other tissue systems in which there is now compelling evidence that miRNAs are actively secreted in membrane-enclosed exosomes and delivered into recipient cells where they function as endogenous miRNAs [51] [52] [53] . It is therefore conceivable that epididymosomes not only participate in a paracrine-like form of intercellular communication to coordinate the activity of the different epididymal segments [50] , but may also convey miRNAs to the maturing sperm cells. At present it is not known how this mechanism could afford selective transfer, although distinct miRNA signatures have been recorded in epididymosomes originating from different epididymal regions, and similarly, these profiles also differ markedly from those of their parent epithelial cells [50] .
Direct evidence that epididymosomes can act as vehicles for the trafficking of miRNAs to maturing spermatozoa is currently lacking; however, these entities are nevertheless able to form intimate associations with the sperm membrane that facilitate the transfer of protein cargo to the maturing cells [49, 54] . In addition, it has been known for some time that sperm can efficiently incorporate exogenous DNA and RNA via artificial liposomes [55] . Such findings take on added significance in view of recent evidence that exosomes secreted by somatic cells lying beyond the epididymal environment are able to facilitate the direct transmission of synthetic RNA to gametes within the organ [56] . This novel flow of information from somatic cells to gametes raises the intriguing possibility that epididymal-derived epididymosomes may not be the sole vector for exosome-mediated delivery of miRNAs to maturing spermatozoa. Although the concept that sperm can incorporate miRNA of nonepididymal origin requires considerable validation, it is interesting to note that a subset of the miRNA we identified as being acquired by spermatozoa did not appear to be represented in the epididymal epithelial miRNA signature (Table 2 ) [16] .
Irrespective of the mechanism of delivery, our data suggest that the majority of the changes in the sperm miRNA are attributed to the caudal region. These data agree with our previous profiling of epididymal epithelial miRNA in which we identified the highest levels of miRNA synthetic activity in the cauda and far fewer changes associated with the corpus region [16] . However, they do stand in marked contrast to wellestablished paradigms of epididymal maturation that specify the majority of the changes in the functional profile of spermatozoa, along with that of their proteome, coincide with their passage through the distal caput/proximal corpus regions (reviewed by [57] ). These data suggest that the modification of the sperm miRNA signature may not be intimately tied to the functional maturation of these cells. Support for this conclusion rests with data dating back to the early 1990s demonstrating that successful fertilization, and apparently normal embryo development, can be readily achieved with immature spermatozoa aspirated from the testes and proximal epididymal regions following intracytoplasmic sperm injection [58, 59] . Thus the epididymal miRNA acquired by spermatozoa during their prolonged storage in the cauda cannot be considered essential for zygote formation or embryo development. Rather, we speculate that these miRNAs may act as vectors for the transmission of transgenerational patterns of inheritance that alter the developmental trajectory of the offspring and/or have downstream roles in conditioning of the peri-conceptual environment in the female reproductive tract (reviewed by [60, 61] ).
These possible effects accord with recent evidence implicating sperm-borne miRNA in mediating the memory of early life trauma [62] and with the predicted targets for many of the miRNAs carried by functionally competent spermatozoa. For instance, two of the most common intracellular pathways targeted by caudal sperm miRNAs are those centered on TGFB1 and NFKB1. These signaling cascades, in turn, regulate genes involved in early embryonic development and the resistance of embryos to embryopathic stresses [63, 64] . Interestingly, both pathways also have well-documented roles in modulating immunological responses in the female reproductive tract. For instance, the cytokine TGFB1 is one principal bioactive factor in mouse seminal plasma that is responsible for inducing the uterine leukocytic response following coitus [57, 58] and subsequently preparing the endometrial microenvironment to support embryo implantation [55, 59, 60] . TLR4 signaling, which acts via NFKB1, is now also implicated in seminal fluid signaling [65] . Understanding the mechanisms by which sperm miRNAs integrate into the regulation of these and potentially other physiological systems is clearly an exciting avenue for future research.
In conclusion, our results demonstrate for the first time that, far from being an intrinsic remnant of the events associated with spermatogenesis, sperm miRNA signatures are subject to modification during the posttesticular phase of their development. Such information is not only likely to find utility in the context of male infertility diagnosis and management, but may also be exploited to enhance our understanding of the transmission of epigenetic characteristics from fathers to offspring. Indeed, given this level of plasticity it will be of considerable interest to determine whether the profile of spermborne miRNA is vulnerable to perturbation following paternal FIG. 6 . Assessment of key elements of the miRNA biogenesis machinery in mouse spermatozoa. Mouse testicular germ cells (Spg; PS; RS; and TS, testicular sperm) and epididymal spermatozoa (caput, corpus, cauda) were dual labeled with anti-DICER1 and anti-AGO2 antibodies followed by either appropriate anti-rabbit 488 Alexa Fluor (green) or goat anti-rat 594 Alexa Fluor-conjugated (red) secondary antibodies, respectively. The cells were then counterstained with DAPI and viewed using confocal microscopy. Bar ¼ 20 lm. These experiments were replicated three times using independent samples and representative images are shown.
exposure to various forms of stress during their extended residence within the epididymal environment. In this context, conditions such as diet-induced paternal obesity have been shown to alter sperm miRNA content [66] . Similarly, exposure of male mice to chronic stress [28, 62] , bulls to dietary toxins [67] , and humans to cigarette smoke [68] have all been shown to be capable of significantly altering their sperm miRNA content. Moreover, such changes have been linked to pronounced heritable epigenetic alterations in the offspring, including impaired metabolic and reproductive health [66, 69] and adverse behavioral/neurological symptoms [28, 62] . Coupled with the demonstration that epididymosome miRNA cargo is also able to be selectively modified by various environmental/physiological insults [70] , these data raise the intriguing possibility that the prolonged transit/storage within the epididymis may provide a previously unappreciated window of opportunity to alter the sperm-borne miRNA signature. Thus, further detailed analysis of the epididymal contribution to the sperm epigenome is warranted, particularly in the context of determining whether sperm with an ''immature'' miRNA profile can function normally.
